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Fields using GPU Accelerators at ANL 
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GPU-Accelerated High Performance Computing 

  GPUs	  are	  general	  purpose,	  highly	  
parallel	  processors	  
–  High	  FLOPs/WaV	  and	  FLOPs/$	  
–  Unit	  of	  execu@on	  Kernel	  
–  Separate	  memory	  subsystem	  
–  Prog.	  Models:	  CUDA,	  OpenCL,	  …	  

  Clusters	  with	  GPUs	  are	  becoming	  
common	  
–  Mul@ple	  GPUs	  per	  node	  
–  Nonuniform	  node	  architecture	  
–  Node	  topology	  plays	  role	  in	  performance	  

  New	  programmability	  and	  performance	  
challenges	  for	  programming	  models	  and	  
run@me	  systems	  
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Programmability and Performance 

1.  MPI-‐ACC	  (ANL,	  NCSU,	  VT)	  
–  Message	  Passing	  Interface	  (MPI)	  is	  most	  popular	  parallel	  prog.	  model	  
–  Integrate	  awareness	  of	  accelerator	  memory	  in	  MPICH2	  
–  Produc@vity	  and	  performance	  benefits	  

2.  Virtual	  OpenCL	  (ANL,	  VT,	  SIAT	  CAS)	  
–  OpenCL	  implementa@on	  allows	  program	  to	  use	  remote	  accelerators	  
–  One-‐to-‐many	  model,	  beVer	  resource	  usage,	  load	  balancing,	  FT,	  …	  

3.  Scioto-‐ACC	  (ANL,	  OSU,	  PNNL)	  
–  Task	  parallel	  programming	  model,	  scalable	  run@me	  system	  
–  Coscheduling	  CPU	  and	  GPU,	  automa@c	  data	  movement	  
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Current MPI+GPU Programming 

  MPI	  operates	  on	  data	  in	  host	  memory	  only	  
  Manual	  copy	  between	  host	  and	  GPU	  memory	  serializes	  PCIe,	  Interconnect	  

–  Can	  do	  beVer	  than	  this,	  but	  will	  incur	  protocol	  overheads	  mul@ple	  @mes	  
  Produc3vity:	  Manual	  data	  movement	  
  Performance:	  Inefficient,	  unless	  large,	  non-‐portable	  investment	  in	  tuning	  
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MPI-ACC Interface: Passing GPU Buffers to MPI 
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  Unified	  Virtual	  Address	  (UVA)	  space	  
–  Allow	  device	  pointer	  in	  MPI	  rou@nes	  directly	  
–  Currently	  supported	  only	  by	  CUDA	  and	  newer	  NVIDIA	  GPUs	  
–  Query	  cost	  is	  high	  and	  added	  to	  every	  opera@on	  (CPU-‐CPU)	  

  Explicit	  Interface	  –	  e.g.	  MPI_CUDA_Send(…)	  
  MPI	  Datatypes	  –	  Compa@ble	  with	  MPI	  and	  many	  accelerator	  models	  
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MPI-ACC: Integrated, Optimized Data Movement 

  Use	  MPI	  for	  all	  data	  movement	  
–  Support	  mul@ple	  accelerators	  and	  prog.	  models	  (CUDA,	  OpenCL,	  …)	  
–  Allow	  applica@on	  to	  portably	  leverage	  system-‐specific	  op@miza@ons	  

  Inter-‐node	  data	  movement:	  
–  Pipelining:	  Fully	  u@lize	  PCIe	  and	  network	  links	  
–  GPU	  direct	  (CUDA):	  Mul@-‐device	  pinning	  eliminates	  data	  copying	  
–  Handle	  caching	  (OpenCL):	  Avoid	  expensive	  command	  queue	  crea@on	  

  Intra-‐node	  data	  movement:	  
–  Shared	  memory	  protocol	  

•  Sender	  and	  receiver	  drive	  independent	  DMA	  transfers	  
–  Direct	  DMA	  protocol	  

•  GPU-‐GPU	  DMA	  transfer	  (CUDA	  IPC)	  
–  Both	  protocols	  needed,	  PCIe	  limita@ons	  serialize	  DMA	  across	  I/O	  hubs	  
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Integrated Support for User-Defined Datatypes 

MPI_Send(buffer, datatype, count, to, … ) !
MPI_Recv(buffer, datatype, count, from, … ) !

  What	  if	  the	  datatype	  is	  noncon@guous?	  
  CUDA	  doesn’t	  support	  arbitrary	  noncon@guous	  transfers	  
  Pack	  data	  on	  the	  GPU	  

–  FlaVen	  datatype	  tree	  representa@on	  
–  Packing	  kernel	  that	  can	  saturate	  memory	  bus/banks	  
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Inter-node GPU-GPU Latency 
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  Pipelining	  (PCIe	  +	  IB)	  pays	  off	  for	  large	  messages	  –	  2/3	  latency	  
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Intra-node GPU-GPU Bandwidth 

  (le=)	  Same	  I/O	  hub	  –	  DMA	  best	  
  (right)	  Different	  I/O	  hubs	  –	  shm	  best	  
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Epidemiology Application Study 

  Study	  the	  spread	  of	  flu-‐like	  disease	  
–  N-‐Body	  simula@on	  
–  Exchange	  of	  interac@ons	  (visits)	  

is	  key	  communica@on	  step	  

  Basic:	  
–  GPUHost	  Copy,	  pack	  on	  host,	  

send	  from	  host	  
  Advanced:	  

–  Pack	  on	  GPU,	  GPUHost	  copy,	  
send	  from	  host	  

  MPI-‐ACC:	  
–  Pack	  and	  send	  from	  GPU	  
–  Receive	  directly	  to	  GPU	  
–  Pipelining	  hides	  copy	  cost	  
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GPUs as a Service: Virtual OpenCL 

  Clusters,	  cloud	  systems,	  provide	  GPUs	  on	  subset	  of	  nodes	  
  OpenCL	  provides	  a	  powerful	  abstrac@ons	  

–  Kernels	  compiled	  on-‐the-‐fly	  –	  i.e.	  at	  the	  device	  
–  Enable	  transparent	  virtualiza@on,	  even	  across	  different	  devices	  

  Support	  GPUs	  as	  a	  service	  
–  One-‐to-‐Many:	  One	  process	  can	  drive	  many	  GPUs	  
–  Resource	  U@liza@on:	  Share	  GPU	  across	  applica@ons,	  use	  hybrid	  nodes	  
–  System	  Management,	  Fault	  Tolerance:	  Transparent	  migra@on	  
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Virtual OpenCL (VOCL) Framework Components 

  VOCL	  library	  (local)	  and	  proxy	  process	  (system	  service)	  
  API	  and	  ABI	  compa@ble	  with	  OpenCL	  –	  transparent	  to	  app.	  
  U@lize	  both	  local	  and	  remote	  GPUs	  

–  Local	  GPUs:	  	  Call	  na@ve	  OpenCL	  func@ons	  
–  Remote	  GPUs:	  	  Run@me	  uses	  MPI	  to	  forward	  func@on	  calls	  to	  proxy	  

Proxy 

Native OpenCL 
Library 

Application 

VOCL Library 

Local	  node	   Remote	  node	  

Proxy 

OpenCL	  	  API	  

GPU	  VGPU	   GPU	  
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Migration of Virtual GPUs 

1.  Proxy:	  Copy	  OpenCL	  VGPU	  from	  one	  physical	  GPU	  to	  another	  
–  Drain	  command	  queue	  (tradeoff:	  overhead	  versus	  migra@on	  latency)	  
–  Migrate	  OpenCL	  handles	  and	  inputs	  used	  to	  create	  them	  
–  Create	  OpenCL	  handles	  on	  the	  des@na@on	  GPU	  
–  Send	  device	  memory	  contents	  

2.  VOCL	  Library:	  Update	  virtual	  GPU	  mapping	  
–  Replace	  the	  OpenCL	  handle	  and	  MPI	  communica@on	  informa@on	  

Remote	  node	  1	  

GPU	  
Remote	  node	  2	  

GPU	  

local	  node	  

VGPU1	  

VGPU1	  

VGPU1	  
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Queuing OpenCL Function Calls to Enable Migration 

  A	  queue	  is	  created	  on	  each	  proxy	  to	  hold	  OpenCL	  commands	  
–  Restrict	  the	  number	  of	  kernels	  being	  executed	  on	  physical	  GPUs	  
–  Improve	  the	  responsiveness	  of	  virtual	  GPU	  migra@on	  
–  Can	  cause	  addi@onal	  overhead,	  but	  can	  be	  controlled	  by	  queue	  depth	  
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Overhead	  Caused	  by	  Internal	  Queue	  in	  Proxy	  
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Wait	  for	  Comple3on	  Time	  
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Scioto-ACC: Accelerated, Scalable Collections of 
Task Objects 

  Express	  computa@on	  as	  collec@on	  of	  tasks	  
–  Tasks	  operate	  on	  data	  in	  Global	  Address	  Space	  (GA,	  MPI-‐RMA,	  …)	  
–  Executed	  in	  collec@ve	  task	  parallel	  phases	  

  Scioto	  run@me	  system	  manages	  task	  execu@on	  
–  Load	  balancing,	  locality	  opt.,	  fault	  resilience	  
–  Mapping	  to	  Accelerator/CPU,	  data	  movement	  

SPMD	  

SPMD	  

Task	  
	  Parallel	  

Process	  0	  	  	  …	  	  	  Process	  n	  

Termina@on	  
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Work Stealing Runtime System 

  Task	  queue	  on	  each	  process	  
–  Set	  up	  for	  efficient	  one-‐sided	  accessess:	  fixed	  size,	  circular	  queues	  
–  Steals	  are	  truly	  one-‐sided,	  no	  coopera@on	  needed	  
–  Tasks	  sorted	  according	  to	  CPU/GPU	  affinity	  

  When	  I	  run	  out	  of	  work	  
–  Select	  a	  vic@m	  at	  random	  and	  steal	  work	  
–  Reac@ve	  to	  load	  imbalance,	  fully	  distributed	  (scalable)	  algorithm	  
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Block-Sparse Tensor Contraction Kernel (CCSD) 

  (le-)	  Mix	  of	  CPU	  and	  GPU	  tasks	  
  (right)	  Performance	  with	  CPU,	  GPU,	  both,	  and	  op@mal	  
  Hybrid	  gives	  best	  performance	  
  Performance	  with	  work	  stealing	  is	  close	  to	  ILP	  schedule	  
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Conclusions 

  Accelerators	  are	  becoming	  ubiquitous	  
–  Exci@ng	  new	  opportuni@es	  for	  systems	  researchers	  

  Requires	  evolu@on	  of	  HPC	  so=ware	  stack	  
  Goals	  are	  produc@vity,	  capability,	  and	  performance	  

1.  MPI-‐ACC	   	  –	  Integrated	  and	  op@mized	  MPI	  +	  Accelerators	  

2.  VOCL	   	  –	  Virtual	  OpenCL	  

3.  Scioto-‐ACC	  –	  CPU/GPU	  co-‐scheduled	  task	  parallelism	  

Contact:	  Jim	  Dinan	  <dinan@mcs.anl.gov>	  
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Backup	  Slides	  
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MPI-‐ACC	  
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GPU Direct 

Source:	  www.mellanox.com/pdf/whitepapers/TB_GPU_Direct.pdf	  
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VOCL	  
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VOCL	  Proxy	  

  Daemon	  process:	  	  Ini@alized	  by	  the	  administrator	  
  Located	  on	  each	  remote	  node	  

–  Receive	  data	  communica@on	  requests	  
–  Receive	  input	  data	  from	  and	  send	  output	  data	  to	  the	  applica@on	  

process	  
–  Call	  na@ve	  OpenCL	  func@ons	  for	  GPU	  computa@on	  
–  Handle	  virtual	  GPU	  migra@on	  across	  different	  physical	  GPUs	  

28 
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Task Migration 

  Move	  computa@onal	  tasks	  from	  one	  GPU	  to	  another	  
–  Load	  rebalancing	  

•  There	  are	  more	  tasks	  on	  one	  GPU	  than	  on	  the	  other,	  migrate	  part	  of	  the	  
tasks	  to	  the	  idle	  GPU	  

–  Quick	  system	  maintenance:	  
•  Suppose	  a	  system	  administrator	  wants	  to	  take	  a	  machine	  down	  for	  
maintenance,	  he/she	  should	  be	  able	  to	  migrate	  all	  virtual	  GPUs	  on	  that	  
physical	  GPU	  to	  another	  physical	  GPU	   29 

Remote	  node	  1	  

GPU	  
Remote	  node	  2	  

GPU	  

local	  node	  

Network	  connec@on	  
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Virtual	  GPU	  Abstrac3on	  

  Migra@on	  is	  based	  on	  the	  unit	  of	  virtual	  GPU	  (VGPU)	  
  Each	  applica@on	  has	  a	  virtual	  GPU	  on	  each	  physical	  GPU	  

–  An	  applica@on	  has	  mul@ple	  VGPUs	  when	  using	  mul@ple	  physical	  GPUs	  
–  A	  physical	  GPU	  has	  mul@ple	  VGPUs	  when	  used	  by	  mul@ple	  applica@ons	  

  VGPU	  is	  in	  both	  the	  VOCL	  library	  and	  the	  proxy	  
–  VOCL	  VGPU	  (library)	  

•  VOCL	  objects	  
–  OpenCL	  VGPU	  (proxy)	  

•  OpenCL	  objects	  

Physical	  GPU	  

VGPU1	  
VGPU2	  

Physical	  GPU	  

VGPU1	  
VGPU2	  

Physical	  GPU	  

VGPU1	  
VGPU2	  

VGPU1	  

VGPU2	  

VGPU3	  

Applica?on	  

VGPU1	  

VGPU2	  

VGPU3	  

Applica?on	  
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Virtual	  GPU	  Components	  

  OpenCL	  virtual	  GPU	  
–  Store	  handle	  values	  of	  OpenCL	  objects	  
–  Store	  informa@on	  used	  to	  create	  OpenCL	  objects	  
–  Record	  OpenCL	  object	  dependency	  

  VOCL	  virtual	  GPU	  
–  Store	  handle	  values	  of	  VOCL	  objects	   31 

plaxorm	   device	  

context	  command	  
queue	  

program	  memory	  buffer	  

kernel	  sampler	  

program = clCreateProgramWithSource(cl_context   context, 
                                    cl_uint      count, 
                                    const char   **strings, 
                                    const size_t *lengths 
                                    cl_int       *errcode_ret) 

VGPU	  
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